Abstract. Extracellular matrix (ECM) plays an important role in cell differentiation, growth, migration and apoptosis. Collagen is the most abundant protein family in vivo, but its function has still not been clearly defined yet. Reactive oxygen species (ROS) have a central role in oxidative cell stress. Electron spin resonance (ESR) spectroscopy indicates that type I collagen could uniquely scavenge hydroxyl radicals in dose-and time-dependent manner; whereas BSA and gelatin (a denatured collagen) have no such an effect. However, the mechanism by which type I collagen scavenges hydroxyl radicals is different from that of GSH, a well-known free radical scavenger. Using a new method, two-dimensional FTIR correlation analysis, for the first time, we show that the order of functional group changes of type I collagen in this process is amide I earlier than amide II than amide III than -CH-than ν(C=O). The results indicates that the structure of the main chain of collagen changed first, followed by more residue group ν(C=O) exposed to hydroxyl radicals. The reaction with the carbonyl group in collagen causes the hydroxyl free radicals to be scavenged. Therefore, ECM can effectively scavenge ROS under normal physiological conditions. When the proteins of ECM were denatured in the same way as gelatin, they lost their function as a free radical scavenger. All of these results provide new insight into therapy or prevention of oxidative stress, apoptosis and ageing.
Introduction
Reactive oxygen species (ROS) such as superoxide anion radical (O − 2 ), hydrogen peroxide (H 2 O 2 ), singlet oxygen ( 1 O 2 ) and the highly reactive hydroxyl radical (·OH) [1] are well known to be cytotoxic and involved in a wide array of human diseases including cancer [2] , malignant diseases [3, 4] , diabetes [5] [6] [7] , atherosclerosis [8] [9] [10] , chronic inflammation [11] , viral infection [12] , and ischemia-reperfusion injury [13, 14] . The increased ROS production or changes in intracellular glutathione levels are often involved with pathological changes indicative of a dysregulation of signal cascades or gene expression. In neurodegenerative diseases like Parkinson's, Alzheimer's and amyotrophic lateral sclerosis (ALS), ROS damage has been reported within the specific brain region that undergo selective neurodegeneration [15] [16] [17] [18] . Protein oxidation has been found in the hippocampus and neocortex of patients with Alzheimer's disease, Lewy bodies in Parkinson's disease and within the motor neurons in ALS [15] [16] [17] [18] . Lipid peroxidation has also been identified in the cortex and hippocampus of patients with Alzheimer's disease, substantia nigra of patients with Parkinson's disease and spinal fluid in patients with ALS [15] [16] [17] [18] . It is also shown that ROS can cause neuron and astrocyte cell death through apoptosis or necrosis [15] [16] [17] [18] .
Extracellular matrix (ECM) plays an important role in cell proliferation [19, 20] , growth [21] , differentiation [22, 23] , migration [24, 25] and apoptosis [26] [27] [28] . Recent reports have implied that ECM can influence the survival and apoptosis of several cell lineages including glomerular mesangial cells [29] and fibroblasts. Collagen is the most abundant protein family in human body, but its function is still not clearly identified. Fenton reaction is iron and hydrogen peroxide interaction and generates high reactive ROS-hydroxyl radicals (H 2 O 2 + Fe 2+ → ·HO + HO − + Fe 3+ ) [1] . He et al. [30] found that type I collagen can uniquely inhibit lipid peroxidation, reduction of cellular glutathione (GSH) content level, and earlier stage of apoptosis cause by hydroxyl radical. However the mechanism of collagen as a free radical scavenger is largely unknown, due to the inadequate knowledge on the chemical nature of collagen upon free radical simulation and the lack of specific methodology for investigation.
FTIR has been extensively used to study the structure and composition of biological substances such as proteins, lipids, and inorganic compounds. Not only can the compositions be detected, but also the structural configuration, bonding nature, and conformation can be characterized. Recent developments in FTIR provide a possibility to study chemical functional group changes under different external stimulation (temperature, pH, pressure, physical force, etc.) and to characterize structural changes that occur during the process of denaturation such as unfolding and aggregation. This new method, 2D FTIR actually applies 2D cross correlation analyses (a mathematical analysis) of data got from traditional FTIR [31] [32] [33] [34] . Then use mathematical tool to do cross correlation analyses to convert to 2D correlation spectra with one synchronous and one asynchronous spectrum. The aim is to emphasize in-phase and out-of-phase correlations between special intensity variations occurring at different wavenumbers that are induced by external stimulation on the samples. 2D FTIR offer a broad potential in protein structure study [35] . Firstly, it can simplify band assignment in complicated biological systems [35] . Secondly, it may establish a potential sequence of events during the physical or chemical procedure [35] . Thus, 2D FTIR seems to be especially suited for protein structure study since it gives rise to broad bands and undergoes multi-steps phenomena when an external perturbation is applied to the biological system.
In the present study, we found that type I collagen worked as a free radical scavenger for hydroxyl radical generated via Fe 2+ mediated Fenton reaction in a dose dependent manner. We further studied the structural changes of collagen during scavenging hydroxyl radical by using traditional FTIR spectroscopy and the new method 2D FTIR correlation analysis. For the first time, we found that the order of functional group changes of collagen is -CH-earlier than Amide I than Amide II than Amide III than residue group ν(C=O) in the course of reaction with hydroxyl free radical.
Materials and methods

Materials
Glutathione (GSH), 5,5-dimethyl-1-pyrroline-1-oxide (DMPO) and bovine serum albumin (BSA) were purchased from Sigma (St. Louis, MO, USA). 
Extract type I collagen from rat-tail tendon
Fresh type I collagen was extracted from rat-tail tendon according to the protocol described by Li et al. [36] . Rat-tail tendon was dissolved in 0.5 M acetic acid for 48 h at 4 • C. Then it was centrifuged at 4 • C, 12,000 rpm for 20 min. The supernatant was salted out by 5% NaCl for 48 h at 4 • C. These steps were repeated five times. The final purified type I collagen sample was dialysis with double distilled water for 48 h at 4 • C, and then dried at 14 Pa at −80 • C to become powder, and then was stored at −20 • C. To test the purity of type I collagen sample, SDS-PAGE was performed and shown as single bands after Coomassie Blue R250 staining (Fig. 1A) .
ESR spectra
Hydroxyl radicals generated by the Fe 2+ -mediated Fenton reaction, were detected by spin-trap electron spin resonance (ESR) spectroscopy (Bruker, Germany). 0.1 mM FeSO 4 was mixed with 0.6 mM H 2 O 2 in the presence of 100 mM DMPO, a hydroxyl radical trap reagent, and then the Fenton reaction mixtures were sucked into a silica capillary sample tube. ESR spectrum was scanned at frequency modulation of 100 kHz, amplitude modulation of 2G, sp = dB 10, with a field of 328 ± 10 mT using an ER200/D ESR spectroscope (Bruker, Germany). Four ESR peaks of ·OH radicals were observed as shown in Fig. 2A . To investigate the effect of type I collagen, Gelatin, BSA, and GSH on ·OH radicals, the time course curves of the second peak from the left of the ·OH ESR spectra were recorded during a time course of 30 min. The ESR signal was immediately recorded after 100 mM DMPO was added to the reaction mixture. 
Collagen treated by Fenton reaction
Infrared spectroscopy
The infrared spectra of collagen samples, with or without incubation of Fenton reaction solution, were recorded with a Perkin Elmer Spectrum GX FT-IR spectrometer (Perkin Elmer, Wellesley, MA, USA) which equipped with a DTGS detector. The final products of type I collagen treated with Fenton reaction were dialysis with double distilled water for 48 h at 4 • C, and then dried at 14 Pa at −80 • C for 48 h to make them become powder. The infrared samples (1 mg powder) were evenly mixed with KBR in KBR pellets. The measurements were performed at a resolution of 4 cm −1 and in the range of 400-4000 cm −1 . To obtain an acceptable signal-to-noise ratio, 32 scans were accumulated for each sample.
2D FTIR cross correlation analysis
The spectra got from regular FTIR were transformed into a **.asc file by Perkin Elmer Spectrum Software V3.02, and 2D FTIR cross correlation analyses were performed by using a software developed and described by Yu et al. [37] according to the generalized 2D cross correlation formalism developed and modified by Noda et al. [31] [32] [33] [34] . The concentration-averaged spectrum was used as a reference during analysis. Since 2D correlation is an analysis of two independent wave lengths, the cross correlation peaks are represented as pairs (ν 1 , ν 2 ) (ν 1 : horizontal, ν 2 : vertical) in synchronous and asynchronous plots. In all 2D cross correlation plots, the negative peaks are in pink and shaded, whereas the black and un-shaded peaks are positive. Only the peaks in the 2D cross correlation spectra that are greater than the noise peaks are considered as significant.
Results and discussion
Type I collagen specifically inhibits ·OH generation in Fenton reaction
To test the effect of collagen on free radical, ·OH radicals were generated by Fe 2+ -mediated Fenton reaction. The methods for detection of ·OH are based on the introduction of a molecular probe that can successfully competes with reaction mixtures for ·OH, forms stable hydroxyl radical-derived analytes. The ESR spin-trapping technique is the most direct method for analysis of radical intermediates. Many spin-trapping agents such as DMPO, POBN, PBN, can direct detect ·OH by forming the ESR-detectable hydroxyl radical-derived nitroxides. The reaction between ·OH and DMPO yields methyl radical (CH 3 ·) which can alkylate nitrones via 1,3-addition to ESR-detectable nitroxides. The ESR spectra ( Fig. 2A) of DMPO/·OH obtained from Fenton reaction mixtures of H 2 O 2 (0.1 mM) and FeSO 4 (0.6 mM) containing DMPO (100 mM). The signals of ·OH radicals were strapped by 100 mM DMPO. The ESR spectrum of the ·OH radical has four peaks within the field of 328 ± 10 mT ( Fig. 2A) . This spectrum was composed of four splitting lines with an intensity ratio of 1 : 2 : 2 : 1, which typically results from the interactions of an uncoupled electron with a primary nitrogen atom along with a secondary β-proton.
The time-course curves of the second peak of the ·OH ESR spectrum were recorded over 30 min in order to quantitatively test the inhibitory effect of type I collagen on ·OH radicals. In Fig. 2B we observed that type I collagen could dose-dependently inhibit hydroxyl radical generation in Fe 2+ -mediated Fenton reaction. GSH is a well-known biological free radical scavenger, and it can quench ·OH radicals effectively. In Fig. 2E , GSH significantly inhibited the ·OH radicals in a short period of time. In Figs 2C and 2D, BSA and gelatin, a well-known denatured collagen, did not significantly reduce the amplitude of ESR signals of ·OH radicals. Therefore, type I collagen has some specific structure or protein residue which has a unique function of scavenging hydroxyl free radicals. The inhibitory effect of type I collagen on free radical is also different from GSH. GSH quenched ·OH radicals dramatically and rapidly, whereas collagen scavenged hydroxyl radical gradually and gently. In Figs 2B-E, the hydroxyl radical activities decay exponentially. We can use Y = e A 1 X+B 1 fit the curves theoretically. The decay constant, a positive constant used to describe that rate of exponential decay, vary differently among these samples. In Fig. 2C the decay constant of gelatin is almost no great changes compared to control, the same as in Fig. 2D for BSA. The inhibitory affect of type I collagen and GSH on hydroxyl radicals is different. The decay constant of type I collagen is control group 0.00033, 10 µg/ml type I collagen for 0.00081, 50 µg/ml for 0.00116, 100 µg/ml for 0.00183, and 150 µg/ml for 0.00249759. The decay constant of GSH is control group for 0.00029, 5 µM for 0.002796, 10 µM for 0.00592, and 15 µM for 0.0068. Halflife (t 1/2 ) is the time it takes for hydroxyl radical to lose half of its relative activity. The half-life of type I collagen is control group for 2100.4 second, 10 µg/ml for 855.8 second, 50 µg/ml for 597.6 second, 100 µg/ml for 378.7 second, and 150 µg/ml for 277.5 second. The half-life of GSH is control group for 2390.2 second, 5 µM for 247.9 second, 10 µM for 117.1 second, and 15 µM for 101.9 second. Lifetime (τ ) is the time it takes for hydroxyl radical to lose its relative activity to 1/e. The lifetime of type I collagen is control group for 3030.3 second, 10 µg/ml for 1234.6 second, 50 µg/ml for 862.1 second, 100 µg/ml for 546.4 second, and 150 µg/ml for 400.4 second. The half-life of GSH is control group for 3448.3 second, 5 µM for 357.7 second, 10 µM for 168.9 second, and 15 µM for 147.1 second. It indicated that type I collagen as extracellular matrix "physiological buffer" can scavenge hydroxyl radicals but also maintain a basal normal level of essential radicals for regular physiological function. These ESR results demonstrate that type I collagen can specifically inhibit the generation and maintenance of ·OH radicals in Fenton reaction system. Figure 3A is the FTIR spectra of type I collagen at 15 • C. The assignment of major functional groups of collagen is shown in Table 1 . The structure changes of collagen induced by Fenton reaction was analyzed (FH 1 to FH9) . The negative control (0 mM FeSO 4 /0 mM H 2 O 2 ) (FH0) and these nine samples were washed with double distilled water for 5 times and then dialysis with double distilled water for 48 h at 4
Fenton reaction induces collagen structure changes in amide I and II and residue group of ν(C=O)
• C and frozen and dried at −40 • C at 14 Pa for 48 h. 1 mg infrared sample was mixed with KBR in KBR pellet. with FTIR (Fig. 4) . The spectra in the range of 1480 cm −1 to 1770 cm −1 were plotted in Fig. 4A . In Fig. 3B , it showed that N-H at 3446 cm −1 increased intensity and shifted to right-hand side gradually upon Fenton reaction treatment. In Fig. 4A , the peak of ν(C=O) at 1746 cm −1 moved to left hand side to increase the wave number gradually during Fenton reaction. The amide I (1640 cm −1 ) moved to right hand side to decrease the wave number gradually whereas the amide II (1547 cm −1 ) moved to left hand side gradually to increase the wave number and the band became flat in Fenton reaction. It suggests that the collagen might gradually undergo unfolding upon hydroxyl radical stimulation.
From Fig. 3B , it can be noted that intensities of ν(C=O) at 1746 cm −1 , ν αs (CH 2 ) at 2926 cm −1 , and ν s (CH 2 ) at 2854 cm −1 gradually decrease in a hydroxyl radical dose dependent manner. This result indicates that hydroxyl radical may react with these function groups of collagen. Compared with the control, the spectra intensity of collagen treated with Fenton reaction solution were suppressed in a ·OH-dose dependent manner. For example, the peaks of carboxyl group ν(C=O) of a residual acetic acid or Asn, Gln amino acid residues at 1746 cm −1 , and the peaks of amide I (1649 cm −1 ) and amide II (1547 cm −1 ) decrease gradually with the increasing concentrations of hydroxyl free radical. The 2nd derivative curves of the spectra showed more detailed changes with additional peaks (Fig. 4B ), which were not recognized from the original FTIR spectra. The Fourier denovation spectra also revealed more details of structural changes of collagen after treated by Fenton reaction solution; in particular, it is noted that with the higher concentrations of FeSO 4 /H 2 O 2 (FH5 and FH6), the changes were more dramatic compared with lower concentrations of FeSO 4 /H 2 O 2 (Fig. 4C) . Interestingly, it also shows that the values of denovation spectra of FH5 group were higher than that in FH6 group in certain ranges of wavelengths.
2D FTIR revealed the order of structural changes of collagen induced by Fenton reaction
With FTIR, the structural changes of collagen were detected; however the mechanisms and the processes of these changes are still not clear. To further investigate the details of structural changes of collagen induced by Fenton reaction, 2D FTIR correlation analysis spectroscopy was performed. The synchronous and asynchronous spectra of collagen after treatment with Fenton reaction solution in the range of 1480 cm −1 to 1800 cm −1 are shown in Fig. 5A , B. In the synchronous plot (Fig. 5A) there are three autopeaks: 1547 cm −1 , 1649 cm −1 , and 1746 cm −1 , at the diagonal positions. They represent amide II, amide I, and residue group ν(C=O), respectively. The sensitivity of these functional groups to hydroxyl free radical is residue group of ν(C=O) greater than amide II than amide I. There are also (2) between amide II and the residue group ν(C=O), (3) between the residue group of ν(C=O) and amide I. In asynchronous plot (Fig. 5B) , there are negative cross-peaks at (1746, 1547) and (1746, 1649). According to 2D FTIR rules [31] [32] [33] [34] 37] , if there is a positive peak in synchronous plot and a positive peak in asynchronous plot, then ν 1 changes earlier than ν 2 ; if there is a positive peak in synchronous plot but a negative peak in asynchronous plot, then ν 1 changes later than ν 2 . By the 2D FTIR rules, the order of changes of these functional groups is amide II preceding the residue group of ν(C=O) and amide I preceding residue group ν(C=O). In order to further analyze the order of changes of other functional groups, we set (ν 1 , ν 2 ) with different ranges for comparison. Figure 5C , D is ν 1 in the range of 1480 cm −1 to 1600 cm −1 and ν 2 in the range of 1600 cm −1 to 1720 cm −1 . In the synchronous plot (Fig. 5C) , there is one positive cross peak at (1547, 1681), which means that the amide I and amide II are positively correlated in the process of reaction with hydroxyl radical. In the asynchronous plot (Fig. 5D), a negative peak is found at (1547, 1681) . Thus, it is indicated that change for amide I precede that of amide II. Figure 5EF is ν 1 in the range of 1480 cm −1 to 1800 cm −1 and ν 2 in the range of 1200 cm −1 to 1360 cm −1 . In the synchronous plot (Fig. 5E) , there are three positive cross peaks at (1681, 1239), (1547, 1239) and (1746, 1239). It indicates that amide I, amide II, amide III, and ν(C=O) is positively correlated. In the asynchronous plot (Fig. 5F ), there is a positive peak at (1681, 1239) and negative peak at (1746, 1239). According to the 2D FTIR rule, the order of functional group changes is given by amide I earlier than amide III than ν(C=O). Figure 5GH is the synchronous and asynchronous spectrum with ν 1 in the range of 1480 cm −1 to 1600 cm −1 and ν 2 in the range of 1200 cm −1 to 1360 cm −1 . In the synchronous plot (Fig. 5G) , there is a positive cross peak at (1547, 1239), which shows that amide II and amide III are positively correlated. In the asynchronous plot (Fig. 5H) , a positive peak is found at (1547, 1239). Hence the order of functional groups changes is amide II preceding amide III. Figure 5IJ is ν 1 in the range of 1480 cm −1 to 1800 cm −1 and ν 2 in the range of 1360 cm −1 to 1480 cm −1 . In the synchronous plot (Fig. 5I) , there are three positive peaks at (1547, 1459), (1681, 1459) and (1746, 1459), which show that the functional group changes of amide II and -CH-, amide I and -CH-, ν(C=O) and -CH-, are positively correlated. In the asynchronous plot (Fig. 5J) , a positive peak is located at (1681, 1459) and a negative peak at (1746, 1459). Thus, the order of functional group changes is amide I preceding -CH-preceding ν(C=O). Figure 5K , L is with ν 1 in the range of 1200 cm −1 to 1360 cm −1 and ν 2 in the range of 1360 cm −1 to 1480 cm −1 . In the synchronous plot (Fig. 5K ), there is a positive peak at (1239, 1459), which indicated that the functional group changes of amide III and -CH-are positively correlated. In the asynchronous plot (Fig. 5L ), there is a negative peak at (1239, 1459). So the order of functional group changes is amide III earlier than -CH-.
All these results of correlation analyses were presented as Fig. 5A -L, and summarized in Table 2 . Taken together, these data indicate that upon hydroxyl free radical stimulation, the order of functional group changes of type I collagen is amide I earlier than amide II than amide III than -CH-than ν(C=O).
Conclusion
ECM provides a structural framework to support cells and maintains cellular functions by mediating cell-cell or cell-ECM interactions. ECM is composed of collagen, elastin, fibronectin, proteoglycans, and other molecules. Collagen is the main protein of ECM and connective tissue in animals and the most abundant protein in mammals, making up about 40% of the total. It is one of the long, fibrous structural proteins whose functions are quite different from those of globular proteins such as enzymes. Collagen has an unusual amino acid composition and sequence. Gly is found at almost every third residue, and collagen contains large amounts of Pro. A distinctive feature of collagen is the regular arrangement of amino acids in each of the three chains of these collagen subunits. The sequence often follows the pattern Gly-X-Pro or Gly-X-Hypro, where X may be any of various other amino acid residues. Such high Gly and regular repetitions are never found in globular proteins like BSA. He et al. [30] showed that type I collagen inhibited the reduction of cellular GSH concentration caused by hydroxyl radical. Whether ECM or collagen is involved in the intracellular signal pathway of hydroxyl radical is still not clearly identified. Figure 2 shows type I collagen can scavenge hydroxyl radical dose dependently in vitro. However, gelatin (denatured collagen) and BSA have no such function. Therefore, type I collagen has the unique anti-oxidant and anti-apoptotic role of scavenging hydroxyl radical.
From the FTIR spectra of type I collagen, the residue group ν(C=O) (1746 cm −1 ) gradually disappear when collagen is scavenging hydroxyl radical ( Figs 3B and 4A) . Amide I has band shift toward lower wavenumbers, whereas the amide II gradually become flat (Fig. 4A) . From 2D FTIR analysis, when hydroxyl radicals react with type I collagen, the order of functional group is Amide I earlier than amide II than amide III than -CH-than ν(C=O). Hawkins et al. [38] indicated that the interaction of collagen with hydroxyl radicals occurred at a specific site, for example, a double-sided chain (·CHR R ), and α-carbon [·C(R)(NH-)CO-, R = side-chain] radicals. Residue group ν(C=O) is mainly in side chain residue of collagen. If the X on collagen is Asn, or Gln, its residue group ν(C=O) will probably react with hydroxyl radical. Since BSA is a globular protein, its residues containing ν(C=O) are embed into inside of the protein. Thus, they cannot react effectively with the hydroxyl radical. The three chains of type I collagen have around 11.13% of these four types of amino acids containing ν(C=O) on its residue chain in total. Juszczak [39] reported that the FTIR spectra of insoluble tendon type I collagen has a strong, sharp peak at 1746 cm −1 , which attributed to type I β-turns but has also been found in the FTIR amide I band for other proteins with polyproline II secondary structure. The three chains of type I collagen contain around 34.62% of Pro containing ν(C=O) on its residue chain in total. Our lab has focused on the role of extracellular matrix in human diseases. We ever did FTIR for multiple collagen samples, such as type I collagen (not acid soluble) (Sigma, Cat # C-9879), type I collagen (acid soluble) (Sigma, Cat # C-9791), type I collagen (Sigma, C-3511), fresh human collagen extracted from human umbilical cords, fresh normal rat-tail tendon collagen, fresh normal rat lung collagen, fresh normal rat stomach collagen, fresh silicosis rat lung collagen, etc. Almost all of these samples have a sharp strong band at 1746 cm −1 . Interestingly, we also found the intensity of the 1746 cm −1 peak is weaker in the lung collagen samples from rats with silicosis lung disease (unpublished data). Due to collagen is a long fibrous protein, it has more residues containing ν(C=O) exposed to outside and they can react with hydroxyl radical. In the course of type I collagen scavenge hydroxyl radicals, the structure of the main chain of collagen first changed, which suggested protein unfolding, and then more residue group ν(C=O) exposed to outside hydroxyl radicals. Residue group ν(C=O) has a central role in scavenge hydroxyl radicals, but it is the last functional group to undergo structural change. The reaction mechanism of collagen and GSH with hydroxyl radicals is naturally different. Gelatin, a denatured collagen, did not have such a function. Therefore, ECM can effectively scavenge ROS at normal physiological condition. But if the proteins of ECM denatured like degradation and glycosylation in diabetes complications, they lost such function as a free radical scavenger. Hence, the excessive free radicals cause cell to apoptosis and disease and ageing. All these provide new insight into therapy or prevention of oxidative stress for future drug discovery.
